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The kinetics of the low-pressure chemical vapor deposition (LPCVD) of polycrystalline silicon from silane has been the subject of a number of experimental studies carried out in conventional hotwall multiwafer LPCVD reactors. 10 Although the general trends observed in this type of reactors may be correlated with the chemistry and kinetics, the interpretation of these investigations is not straightforward, because the growth rate is determined both by transport phenomena and intrinsic kinetics. Another shortcoming is that the growth rates are only determined at the end of a run and are quantitatively linked with the process conditions such as inlet composition and flow rates without taking into account the actual gas-phase composition at the position where deposition occurs. The present study, however, reports on steady-state experiments on polycrystalline silicon deposition from silane in a microbalance reactor setup. This reactor allows a direct measurement of the growth rate combined with an on-line analysis of the corresponding gas-phase compositionY7 In spite of irreducible transport limitations it is possible to obtain intrinsic kinetic data with this experimental setup. It requires the analysis of the obtained data with a reactor model that takes into account the transport limitations in an appropriate way
The latter features only binary diffusion coefficients, which can be calculated independently as transport parameters.
Based on the experiments a kinetic model for polycrystalline silicon deposition is developed that is valid over a wide range of experimental conditions. This model consists of four elementary gas-phase reactions coupled to ten elementary reactions taking place on the growing silicon surface. The gas-phase reaction network is constructed as a closed subsystem among species that are thermodynamically favored and consists of reactions that are unimolecular in at least one direction. To describe the effects of pressure adequately the falloff behavior of each of the unimolecular rate coefficients is quantified using the Rice-Ramsberger-Kassel-Marcus (RRKM) theory. 8 The surface reaction network is based on recent mechanistic studies of silane chemisorption on well-defined single-crystal silicon surfaces using temperature-programmed desorption (TPD) combined with static secondary ion mass spectrometry (SSIMS),8'3 laser-induced thermal desorption (LITD),14'15 scanning tunneling microscopy (STM),1617 and modulated molecular beam scattering (MMBS)." It consists of a six-step elementary reaction mechanism for the deposition of silicon from silane, supplemented with elementary adsorption reactions for the silicon-containing species formed through the gas-phase reactions.
The developed kinetic model provides insight in the relative importance of the gas-phase reactions in the polyPresent address: Philips GET, Eindhoven, The Netherlands. Present address: Laboratorium voor Petrochemische Technsek, Universiteit Gent, Ghent, Belgsum.
crystalline silicon deposition process. It can also be used to predict the influence of various process variables on the performance of an industrial hotwall multiwafer LPCVD reactor as is shown by Weerts7 and by Weerts et al.°2°E xperimental Equipment and procedures.-Silane (ultrapure quality) was used as the main reactant gas. Hydrogen (quality 6.0) was fed to study inhibition effects on the gas-phase and surface kinetics. Argon was used both as inert diluent gas and as internal standard for quantitative analysis of the gas-phase composition with a quadrupole mass spectrometer. The flow rates of these process gases were established with mass flow controllers and ranged typically between 3 and 30 sccm, corresponding to mean residence times between 0.1 and 1 s.
After premixing, the feed mixture was preheated to reduce intrareactor temperature gradients and injected through the four nozzles of a cross-shaped injector located in the middle of a quartz spherical reactor. Just above the injector, a 10 >< 15 mm silicon sample was suspended from a microbalance. The silicon sample was cleaved from a doubleside polished (100) p-type wafer with a resistivity of -0.035 fl cm and an average thickness of 410 tim. The reactor was heated externally using an electrical resistance oven. Temperature regulation was performed on the basis of a Chromel-Alumel thermocouple located between the oven and the reactor wall. The reaction temperature was measured with a second Chromel-Alumel thermocouple inside a thermowell located near the silicon sample in the center of the reactor. Vacuum was maintained by a dual-stage rotary-vane mechanical pump. The reactor pressure was regulated via the exhaust rate of effluent gases independent of upstream gas flow rates. This was accomplished with the so-called gas ballast or gas bypass technique, which involves the injection of nitrogen into the pump throat, thereby forcing the total pressure to the required value. Prior to each series of experiments the silicon sample and reactor wall were precoated with polycrystalline silicon at 50 Pa and 900 K for 30 mm after pretreatment with hydrogen at 900 K for 10 mm. Further details are given by Weerts et al.67 The weight increase due to silicon deposition on the 10 X 15 mm sample in the middle of the reactor was measured with a microbalance (Cahn D-200), which was operated in the weight range from 0 to 2 mg with a resolution of 0.1 ig under ideal circumstances. Calibration was performed prior to each series of experiments.
Quantitative analysis of silane and Si2H, the latter denoting the total of disilane (Si2H6), silylsilylene (H3SiSiH), and disilene (H7SiSiH2), was performed by directing a fraction of the reactor effluent through an orifice inlet to a differentially pumped quadrupole mass spectrometer (Fisons SXP Elite 300H), which was operated at a constant ion-ization energy of 70 eV. The detection limit of the quadrupole mass spectrometer (QMS) was about 1 ppm, whereas its mass resolution, defined as the full width at half height, amounted to 0.5 amu.
Separate quantitative analysis of disilane, silylsilylene, and disilene was impossible, because the latter two dimers cannot be calibrated in pure form due to their high reactivity. In addition, the fragmentation patterns of silylsilylene and disilene probably completely overlap with each other and with that of disilane, making discrimination between these silicon dimers very difficult. Quantitative analysis of hydrogen was considered not accurate enough due to the rather low pumping efficiency for this component. The outlet molar flow rate of hydrogen was calculated from a hydrogen mass balance over the reactor.
During the calibration prior to each series of experiments, the relative sensitivity factors of silane and Si2H1
were determined with respect to the internal standard argon. For this purpose an SiH4-Si2H6-Ar mixture was used. In this way it was implicitly assumed that silylsilylene and disilene possess the same QMS sensitivity as disilane. This assumption is supported by the fact that silylsilylene and disilene are both primary QMS fragmentation products ol disilane. Deviations of the QMS sensitivities of silylsilylene and disilene from the QMS sensitivity of disilane would probably have no large effect on the final results. From kinetic/reactor modeling studies reported in literature, it is known that during silicon deposition at low total pressures silylsilylene and disilene are present in the gas phase in only small amounts compared to disilane.22 '22 A total of 250 kinetic experiments was performed over the range of experimental conditions listed in Table I . This range coincides with the industrially relevant operating conditions for the deposition of polycrystalline silicon from silane in a conventional hotwall multiwafer LPCVD reactor. The structure and purity of the deposited layers were studied using scanning electron microscopy (SEM) and Auger electron spectroscopy (AES). Polycrystalline silicon with a columnar structure was deposited. AES measurements combined with depth profiling revealed the presence of small amounts of oxygen and carbon in about the five topmost layers of single deposited silicon layers.
Other contaminants were not detected.
The inlet molar flow rates were measured with the mass flow controllers; the outlet molar flow rates were derived from the mass spectrometric data. The silicon growth rate was determined by linear regression of the measured mass vs. time curve. The quality of the experimental data was verified by means of a silicon balance between reactor inlet stream and reactor outlet stream plus growth rate. The total deposition surface area was calculated from the geometric surface areas of both silicon sample and reactor wall and amounted typically to 1.45 x 10-2 m2. Experiments with a silicon mass balance which deviated more than 5% were rejected.
Parameter estimation-The kinetic and thermodynamic parameters of the reaction network were estimated using the single-or multiresponse Marquardt algorithm for nonlinear regression.23 Single-response regression was used for the regression of the experimental deposition rates in the absence of gas-phase reactions to estimate kinetic and thermodynamic parameters. In order to facilitate the simulta- Table I . Experimental conditions covered during the regression analysis.
SiH4/Ar5
Without gas-phase reactions neous estimation of a standard activation entropy and enthalpy or of a standard entropy and enthalpy difference, reparameterization was applied24 based on an average temperature of the experiments of 915.5 K. In total, the silicon growth rates from 150 experiments, covering the range of experimental conditions listed in the second column of Table I , were used as responses during the regression. Multiresponse regression was used for the regression of the experimental data in the presence of gas-phase reactions, i.e., of the silicon deposition rate and of the outlet molar flow rates of silane and Si2HX. Calculated responses were obtained by solving numerically the continuity equations for gas-phase and surface components and for solid silicon as described by Weerts et al. 6 The calculated Si2HX response was obtained by summing the individually calculated outlet molar flow rates of H3SiSiH, H2SiSiH2, and Si2H6. In order to facilitate the parameter estimation, reparameterization was again applied based on an average temperature of the experiments of 914.8 K. A total of 210 experiments, covering the complementary ranges of experimental conditions listed in the second and third column of Table I , were used during the regression. SI2HX responses from experiments at total pressures lower than 50 Pa were not considered, because gas-phase reactions were found to be insignificant at these pressures. Hence, the total number of experimental SiSHD responses considered during the regression amounted to 60.
Model discrimination was based on statistical significance of the individual parameter estimates as well as of the global regression. The parameter estimates were tested for significance by means of their approximate individual t values. The approximate individual t values were used to determine the two-sided 95% confidence intervals. The significance of the global regression was expressed by means of the ratio of the mean regression sum of squares to the mean residual sum of squares, which is distributed according to F.25 Discrimination among rival models was based upon statistical testing, whenever it was impossible by direct process observation or physicochemical laws, Effects of Process Conditions Space time.- Figure 1 shows the silicon growth rate as a function of silane conversion at 50 Pa and different temperatures. The increase in silane conversion was brought about by an increase in silane space time, i.e., of the ratio of reactor volume and inlet molar flow rate of silane. The space-time concept here should not be confused with the residence time. Residence time in a continuously stirred tank reactor (CSTR) is the ratio of reactor volume and volumetric flow rate at the outlet of the reactor. Because of mole production and/or consumption in homogeneous and heterogeneous reactions in the SiH4/H2/Si system, the outlet volumetric flow rate is not equal to the inlet volumetric flow rate. Thus, the residence time in this case is rather ill-defined. Space time as used here is a time scale at inlet conditions equal to the ratio of the residence time, calculated from the inlet volumetric flow rate, and the inlet concentration of silane. Only under zero conversion conditions are residence time and space time proportional to each other. Independence of production rate on the silane conversion corresponds to a so-called differential reactor operation with respect to that reaction.26 At 50 Pa the laboratory reactor satisfies differential operation with respect to silicon deposition up to roughly 912 K in case pure silane is fed. Comparison of similar sets of growth rate vs. conversion data at different total pressures and temperatures while cofeeding hydrogen revealed that addition of With gas-phase hydrogen expands the differential regime toward higher reactioos pressures and temperatures.
The deviation from differential operation can be attrib- uted to the occurrence of gas-phase reactions, as evidenced by Fig. 2 showing the effect of silane space time on the normalized Si2H concentration at 912 K and different 1.6-59 total pressures. Except for 50 Pa, a maximum in the nor-
malized Si2H concentration is observed at each pressure.
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The maxima are attained at short space times. With increasing total pressure the maximum Si2H concentration increases proportionally to the second power of the total pressure without a change in the corresponding space time. This dependence can be explained on the basis of a parallel, consecutive kinetic scheme accounting for silicon deposition from silane and from disilane (Si2H1), the latter produced through pyrolysis of silane, coupled to a perfectly stirred tank reactor model.6'7 The occurrence of gasphase reactions above roughly 50 Pa at 912 K is in good agreement with the results of Holleman and Verweij ,who studied the kinetics of silicon deposition in a conventional hotwall multiwafer LPCVD reactor. The measured silicon growth rates appeared to be independent of interwafer spacing, i.e., of the volume-to-surface ratio, up to total V/FsH4o / m3 S Fig. 2 . Normalized Si2H, concentration vs. silane space time.
SiH4/Ar, = 4.0; r = 912 K. + P, = 50 Pa; and (LI) P, = 60, (0) P,=80,(G)P=100,and(D)P125Pa. pressures of 60 Pa while feeding pure silane at 900 K, indicating the insignificance of gas-phase reactions at lower pressures. The amount of SiSHX components measured in the gas phase varies between 0.1 and 1 mol %. van Compared to the pressure effect on the silicon growth rate in the differential regime, i.e., at pressures up to 50 Pa, a more pronounced effect is observed in the regime where gas-phase reactions are important. This effect is strongest at the shorter space times where larger amounts of Si,HX and other reactive intermediates are present in the gas phase (see Fig. 2 ). Figure 3 shows the silicon growth rate, the silane conversion, and the Si2HX selectivity, defined as the ratio of the number of moles of silicon atoms in Si2H formed to the total number of moles of silicon atoms in silane converted, vs. the silane space time at 100 Pa and 963 K. The V/F1o / m3 S experimentally observed growth rate indeed exhibits a maximum value at short space time. The SiSHX selectivity generally decreases with increasing silane conversion.
Inlet hydrogen-to-silane ratio- Figure 4 shows the effect of the inlet hydrogen-to-silane ratio on the silicon growth rate at 912 K and total pressures of 25 and 50 Pa. Temperature- Figure 5 shows the silane conversion as a function of space time over a broad range of temperatures at 50 Pa. With increasing temperature the silane conversion considerably increases, reaching values as high as 60% at 963 K. The experiments also show the existence of a differential operating regime with respect to silane conversion at the lower temperatures considered. Figure 1 already showed that at a given silane conversion the silicon growth rate considerably increases with H2/SiH4]0 / - Ges-phase reactions-In principle it is possible to construct a gas-phase reaction network that consists of a very large number of reactions (see, e.g., Becerra and Walsh22; Ring and O'Nea138), but in this study the network was purposely limited to a minimal set of reactions. In the range of experimental conditions covered during the kinetic experiments, i.e., temperatures between 863 and 963 K and total pressures between 25 and 100 Pa, seven gas-phase species have an equilibrium molar fraction larger than 1 x l0, i.e., SiH4, Si2H8, H2SiSiH2, Si3H2, Si3H8, Si3, and H2. The lower limit of 1 >< 10 reflects a minimum contribution to the silicon deposition rate of 1% compared to that of silane, assuming unit reaction probabilities for the homogeneously formed silicon-containing species and a value of 2 x 10 for silane.
Although Si3 is an important species from a thermodynamic viewpoint, its formation rate is very slow and hence its kinetic significance can be neglected. In addition, the absence of trisilane and other Si5H species in the reaction mixture provides direct evidence for the insignificance of chemical routes toward these species at the experimental conditions applied. Although SiH2 is not important in a thermodynamic sense, it plays a key role in the overall gasphase chemistry. It is formed in the initial silane decomposition reaction40'41 and easily inserts into silane to form dis-1.5
ilane.4245 Because H2SiSiH2 is formed by isomerization of H3SiSiH,48'42 one of the products of disilane decomposition,48 this species needs to be considered as well. Inclusion of Si2H5, which in tum is formed from H5SiSiH5,49'5° does not basically change the growth rate contribution along the homogeneous path, as both species are assumed to have unit reaction probabilities.48'51 Hence, Si3H3 is omitted from the gas-phase kinetic scheme.
Based on these considerations the following set of silicon-containing species was considered in the gas-phase reaction network: SiH4, SiH2, Si2H8, H3SiSiH, and H2SiSiH2. 
10'
'Pressure correction constants listed apply to the forward steps of reactions (ci), (r3), and (r4) and to the backward step of reaction (r2).
The corresponding elementary gas-phase reactions used to simulate the kinetic experiments are given in Table II. Note that only silicon hydride species containing an even number of hydrogen atoms are involved in the gas-phase kinetic scheme. The fact that the gas-phase chemistry of silane is determined merely by this kind of species is consistent with the gas-phase reaction networks recently published to describe the silicon deposition process at similar temperatures and total pressures ranging from 50 Pa to atmospheric pressure.5"541"9"
Surface reacfions.-The minimal set of elementary steps on the silicon surface considered in the kinetic model is shown in Table III . This way of presenting a complex reaction network was developed by Temkin'5 and allows a straightforward calculation of the net production rates of the components involved in the surface reactions. For a recent comprehensive treatise on the surface chemistry of Si, see the review of Waltenburg and Yates.56 It is known that hydrogen desorption, whether second order as on Si(1ll)-(7 > ( 7) or first order as on 51(100)-(2 X 1), 14,15,59,60 is potentially slower than the chemisorption of Sill4 and of homogeneously formed gas-phase intermediates, and subsequent surface reactions of silicon hydride species. Consequently, hydrogen adatoms are the only kinetically significant surface species. In the present work hydrogen desorption is accounted for via first-order kinetics, which is in line with the work reported by Holleman and Verweij.' These authors found good agreement between calculated and measured growth rates assuming first-order hydrogen desorption kinetics. The origin of the unusual first-order desorption kinetics as proposed for Si(100) is still a matter of debate in the literature. Wise et al." attributed this first-order dependence to preferen- Table Ill . Elementary reactions considered on the silicon surface (r5-r14) with corresponding global adsorption reactions (a-c) and global deposition paths (au-ce).
tial pairing of the hydrogen adatoms on the silicon dimers of the Si(100)-(2 >< 1) surface, leading to pairwise desorption. In the present work, however, a choice is made for the band model of Sinniah et al. 14,15 which is another mechanism encountered for hydrogen desorption from Si(lO0)-(2 )< 1). By using the latter model for hydrogen desorption, significantly better statistics were obtained in the description of the experimental data than by using the former. More elaborate models for hydrogen desorption from Si(l00)-(2 >< 1) exist in literature. For an overview on this matter see, e.g., the review by Doren." Considering noncomplete pairing of hydrogen adatoms in the pairwise desorption mechanism necessitates the introduction of extra parameters into the kinetic analysis; however, this ts not justifiable on statistical grounds with the present data. Sinniah et al?'" measured first-order desorption kinetics with an apparent activation energy of 188 8 kJ moU' and postulated the two-step mechanistic model illustrated by reactions (r13) and (r14) of tially fast compared to the excitation of a hydrogen adatom, reaction (r13), giving rise to the first-order desorption kinetics. Furthermore, the formation of a localized hydrogen adatom via interaction of a delocalized hydrogen atom with a vacant surface site is considered very slow. For any appreciable coverage of localized hydrogen adatoms, the diffusion length of a H' atom necessary to find such a localized hydrogen adatom is not very large, making recombination with another localized hydrogen adatom, reaction (r14), much more likely to occur than interaction with a vacant surface site, the reverse of reaction (r13). In order to take into account the hydrogen inhibition effects shown previously, dissociative adsorption of molecular hydrogen was considered by taking reaction (r14) reversible.
The global reactions (ct-c), built up from elementary steps and symbolized by the columns with stoichiometric numbers 'r,, to a,, describe the decomposition of silane, silylene, disilane, silylsilylene, and disilene into solid silicon and hydrogen adatoms. The decomposition reactions of surface trihydride, SiH', dihydride, SiH', and monohydride, Sill', species are considered to be potentially fast compared to the adsorption reactions of the former gasphase species. The rates of the global reactions (a-c) are consequently given by the rates of the corresponding adsorption reactions (r5-r9), as follows from the stoichiometric numbers. Together with the elementary reactions (r13) and (r14), these global reactions take part in the global deposition paths (act-cc), symbolized by the columns with stoichiometric numbers si,,, to a,,. In these sequences, the global reactions (a-c) are now potentially fast compared to the desorption of hydrogen, or more specifically, the excitation of a covalently bound hydrogen adatom given by reaction (r13). Note that the latter is not a rate-determining step in the classical sense of the term, since the steps leading to hydrogen adatom formation are not equilibrated. 6' In the present work silane adsorption is considered to proceed through reaction (r5) of Table III , which is in line with the work of Holleman and Verweij.' In this reaction silane is assumed to adsorb dissociatively, forming a surface trihydride species, and a hydrogen adatom. The inclusion of the adsorption reaction given by Eq. 1 SiH4+ *,,SiH* +H, [1] as proposed by Farnaam and Olander" and by Gates et al?'" did not further improve the modeling results. An 
(ti)
indication for the irreversibility of the adsorption of silane was provided by TAP (Temporal Analysis of Products) alternating pulse experiments with silane and deuterium, revealing no desorption of deuterated silicon containing gas-phase species.7"
For disilane adsorption several mechanisms can be found in the literature. Using H, TPD, Gates9 proposed an adsorption reaction involving the formation of two surface trihydride species
Si,H6 + 2* -2SiH
Vibrational spectroscopy provided additional evidence for the occurrence of this reaction on Si(111)-(7 X 7)6465 Kulkarni et al.66'6' identified three distinct temperature regions for disilane adsorption on Si(111)-(7 >< 7) using modulated molecular beam spectroscopy (MMBS). At temperatures below 675 K, a fully hydrogenated inert surface resulted from disilane adsorption, and silicon deposition could be neglected. Between 675 and 775 K slight silane evolution was observed. This was attributed to the decomposition of disilane emitting a silane molecule and chemisorbing a dihydride species, see reaction (r7) in Table III , followed by fast dissociation of the surface dihydride species. The apparent activation energy amounted to -13 kJ moY'. At temperatures above 775 K, disilane adsorption was believed to occur via two competing mechanisms, both producing silane. One mechanism again involved the decomposition into silane and chemisorbed dihydride, which was predicted to be the main channel of silicon growth from disilane at temperatures between 773 and 1173 K. The chemisorbed dihydride then rapidly reacts to two hydrogen adatoms, which in turn serve as active sites for the second chemisorption mechanism Si2H6 + 2H* 2SiH, + 2* This process appeared to be more active at H removal from the surface than the usual way of associative hydrogen desorption.
In the present work disilane adsorption is considered to proceed through reaction (r7) of Table III . This reaction is treated as an elementary reaction but will undoubtedly comprise a number of elementary reactions in reality, as evidenced by the MMBS experiments of Kulkarni et al. 66'6' and the small, negative apparent activation energies generally observed.9'64 '65 The adsorption of silylene, silylsilylene, and disilene is taken into account through reactions (r6), (r8), and (r9) of Table III , all of them producing one or more surface dihydride species. It is assumed that the adsorption of these reactive gas-phase intermediates takes place without simultaneous evolution of a silicon-containing gas-phase species or direct release of molecular hydrogen. Silylsilylene and disilene are considered to adsorb via dual-site mechanisms. Since the subsequent surface decomposition reactions are considered potentially fast, the type of surface species formed during each of these adsorption reactions becomes completely irrelevant.
Trihydride decomposition is assumed to occur through interaction with a vacant surface site without direct release of molecular hydrogen into the gas phase, reaction (riO) of Table III, Dihydride decomposition is known to proceed via at least two mechanisms. Gates et al.11 postulated that a surface dihydride species decomposes via interaction with a vacant surface site [reaction (ri 1) of Table III ]. An additional reaction observed for dihydride decomposition involves direct release of molecular hydrogen into the gas phase10"1 '68 2SiH.' -2SiH* + H, As indicated before, silicon growth is controlled predominantly by the rate of hydrogen desorption in the complete range of process conditions investigated, whereas the surface concentrations of the silicon hydride species are neg-L = k13L0, + k_14C02L.
ligible. Due to the abundance of vacant surface sites comk,,L + k14LH* [2] [31 pared to sites occupied by dihydride species, reaction (ru) of Table III is more likely to occur than the reaction given in Eq. 4. However, the use of the second-order dihydride decomposition reaction does not lead to essentially different model equations than those used here, indicating the insensitivity of the overall deposition kinetics for the kinetics of dihydride decomposition.
In the present work monohydride species, SiH*, and hydrogen adatoms, H6, are treated as separate surface species, although they are experimentally indistinguishable. The basic difference between these species is that the hydrogen atom in SiH* is bonded to a silicon adatom, whereas H* denotes a hydrogen atom bonded to a silicon surface atom. Monohydride decomposition is considered to proceed via reaction (r12) of Table III. Kinetic Parameter Determination in the Absence of
Gas-Phase Reactions
Model equations-In the absence of gas-phase reactions, silicon deposition is completely accounted for by heterogeneous decomposition of silane. Silane, hydrogen, and argon form the only significant gas-phase components. Since silicon deposition from silane is not significantly accompanied with gas/solid mass-transfer resistances, the gasphase composition governing the deposition rate in the center of the reactor is identical to that at the outlet of the reactor, being calculated from the outlet molar flow rates of silane and argon and the outlet molar flow rate of hydrogen obtained from a hydrogen mass balance over the reactor.
The mechanism of silicon deposition from silane is represented by the columns with stoichiometric numbers cr and o in Table III . As noted earlier, hydrogen adatoms form the only kinetically significant surface species at the experimental conditions applied. Starting from this mechanism with global reaction (a) and elementary reactions (r13) and (r14) as kinetically significant reactions, the following steady-state mass balance for hydrogen adatoms can be written, provided the Langmuir assumptions hold
Here L1s the surface concentration of component i and L, the totai'surface concentration of active sites available for adsorption or reaction. The first term on the left side represents the rate of hydrogen adatom production via global reaction (a), which is equal to four times the rate of silane adsorption via reaction (r5). Each silane molecule converted to solid silicon produces four hydrogen adatoms [see global reaction (a)]. Silane adsorption is considered to proceed on nearest neighbor vacant surface sites or on socalled dual adsorption sites. The rate of adsorption is therefore proportional to the concentration of dual adsorption sites and hence to L, instead of L, as it might appear prima facze. This is in line with the results of the treatment of a dual-site adsorption mechanism by Boudart and Djéga-Mariadassou. 69 The four terms remaining on the left side of Eq. 5 represent the hydrogen adatom formation and disappearance rates corresponding to the elementary steps of reactions (r13) and (r14) and are written in a straightforward way following the law of mass action, i.e., assuming that the mean-field approximation holds.
It has been pointed out that desorption of molecular hydrogen via reaction of a delocalized hydrogen atom with a localized hydrogen adatom, reaction (r14), is potentially very fast compared to formation of a delocalized hydrogen atom, reaction (r13) of Table III . An expression for the concentration of delocalized hydrogen atoms consequently is obtained by applying the steady-state approximation for this species [6] [ 4] Substituting this expression into Eq. 5 and assuming that the recombination of a localized hydrogen adatom with a delocalized hydrogen atom is potentially very fast compared to the interaction of a delocalized hydrogen atom with a vacant surface site,14'5 i.e. k_,3L c<k,4L [71 finally results in the following mass balance for hydrogen adatoms Regression analysis-The model equations given by Eq. 8, 10, and 11 feature details of silane adsorption and hydrogen adsorption/desorption only. The rate coefficient of the dual-site dissociative adsorption of silane, k7 (m moY' s 1), and of the excitation of a hydrogen adatom into a delocalized state, k,3 (s 1), were expressed according to transition state theory in terms of a standard activation entropy, S°, and a standard activation enthalpy, zVII°.
'
The equilibrium coefficient corresponding to the dissociative adsorption of hydrogen, K (m3 mol 1), was expressed in Van't Hoff form in terms of a standard adsorption entropy, AaS°, and a standard adsorption enthalpy, AaH5.
In the literature it is generally agreed that silane adsorption is not or is only slightly activated. Reported activation energies range between 0 and 17 kJ mol . 32 .7273 Hence, the standard activation enthalpy of silane adsorption, AH%, was kept fixed at zero during the regression.
The obtained kinetic and thermodynamic parameter estimates with their corresponding 95% confidence intervals are shown in the second column of Table IV The F value of the regression was 3200. The largest value for the binary correlation coefficient between two parameter estimates occurred for the standard activation entropy of silane adsorption and the reparameterized standard entropy change of hydrogen adsorption and amounted to 0.90.
Kinetic Parameter Determination in the Presence of

Gas-Phase Reactions
Model equations-Due to the high surface reaction probability of the gas-phase intermediates formed during the [8] 
5Fixed
. 150 experiments conducted in the range of experimental conditions listed in the second column of Table I. 210 experiments conducted in the complementary ranges of experimental conditions listed in the second and third column of Table I. pyrolysis of silane, it is necessary to account for the masstransfer resistances of these species during the simulation of the kinetic experiments performed in the laboratory reactor. The shape of the concentration profiles was shown to be a complex function of the Damkdhler-II number based on the surface kinetics and a modified Thiele modulus based on the gas-phase kinetics. 67 Weerts et al.6 developed a one-dimensional model for the laboratory reactor taking into account these so-called irreducible mass-transport limitations in an appropriate way and providing both the silicon growth rate on the wafer and the outlet flow rates of the gas-phase components. The former is calculated according to the right side of Eq. 11 with extra terms accounting for silicon deposition from silylene, disilane, silylsilylene, and disilene. The mass transfer between gas-phase and deposition surface is accounted for by considering molecular diffusion with simultaneous gas-phase reactions. The inlet and outlet molar flow rates of each gas-phase component are treated as source terms in the corresponding continuity equations. Multicomponent diffusion effects are accounted for by the Stefan-Maxwell equations. For both the wafer and the reactor wall surfaces the continuity equations for [111 the surface components follow from the straightforward application of the pseudo-steady-state approximation for these species.
The kinetic model used consists of the elementary gasphase reactions of Table II coupled to the global adsorption reactions (cs-c) and the elementary reactions (r13) and (r14) of the surface reaction network given sn Table III. In total, six gas-phase species are involved, i.e., SiH4, SiH3, Si3H5, H3S1SiH, H3SiSIH2, and H2, and besides vacant surface sites, only one kinetically significant surface species exists, i.e., hydrogen adatoms.
The homogeneous net production rates of these gasphase species are derived following the law of mass action for the rates of the elementary gas-phase steps in Table II . Since the rates of the global reactions (ct-c) are determined by the rates of the corresponding elementary adsorption reactions, reactions (r5-r9), the heterogeneous net production rates of the gas-phase species are derived following the law of mass action for the rates of the corresponding adsorption reactions. The heterogeneous net production rate of molecular hydrogen is calculated from those of the silicon-containing species using the stoichiometry of the global deposition paths (act-cc) of Table III. An expression for the net production rate of hydrogen adatoms can be derived in a similar way as outlined previously, but now with additional terms for the rates of hydrogen adatom production via the global adsorption reactions of silylene, disilane, silylsilylene, and disilene ((3-c).
Since the irreducible mass-transport limitations are accounted for during the analysis of the laboratory reactor data in case gas-phase reactions are important, intrinsic values for the kinetic parameters are obtained. These kinetic parameters can therefore be applied in a straightforward Region without Parameter gas-phase reactonse Region including gas-phase reactions4 [101 way for the design and iialysis of an industrial hotwall multiwafer LPCVD reactor.15'2°R egression analysis-Since the total number of rate and equilibrium coefficients featured in the model equations is 15 , a set of :30 kinetic and thermodynamic parameters would have to be estimated. This number could be reduced, however, by the use of thermodynamic and physicochemical relations and a formal sensitivity analysis.
The rate coefficients of the unimolecular gas-phase steps, k1, k_2, k3, and k4 (-1), were calculated using an empirical relation accounting for the pressure falloff behavior of Table II . The values of the corresponding Arrhenius parameters are listed in Table V , with the exception of the pre-exponential factor for the silane dissociation, reaction (ri) in Table II , which amounted to 3.53 >< iO These values were obtained by regression of falloff data calculated on the basis of the RRKM theory in the pressure range 1-1000 Pa and in the temperature range 800-1000 K using transition state parameters given in the literature. [74] [75] [76] The collisional deactivation efficiencies, is1, were set to 1.0, except those for the small molecules hydrogen and argon which were put equal to 0.3.
Through a sensitivity analysis small sensitivities for all gas-phase reaction rate coefficients were detected except for that corresponding to the initiation step, reaction (ri) in Table II . For this reason the pre-exponential factors A2, A3, and A4, as well as the activation energies Ea2, Ea3, and Ba4 were kept fixed at the RRKM based values listed in Table V , whereas the pre-exponential factor of the initial step in silane pyrolysis, A1, was adjusted during the regression of the laboratory data. Due to a strong correlation between the activation energy of the initial step in silane pyrolysis, Eai, and the standard enthalpy change of hydrogen adsorption, A,H, the former was not adjusted either but kept fixed at the RRKM value listed in Table V The rate coefficients of the reverse gas-phase steps, k.,, k3, k_3 (m3 mot' s), and k_4 (s-'), were calculated from the equilibrium constants and the forward step rate coefficients, with the former calculated at the reaction temperature using the most recent thermodynamic data base of Coltrin et al. '9'5' The rate coefficients of the adsorption of the gaseous silicon hydrides, k5 to k, were expressed in Arrhenius form. The corresponding activation energies, E,5 to B,,, were kept fixed at zero during the regression. The pre-exponential factor A, was calculated from the estimated standard activation entropy derived in the region where gas-phase reactions can be omitted. The pre-exponential factors A, to A, were kept fixed at the values calculated from kinetic gas theory for T = 900 K and an initial sticking probability equal to 0.1 in case of disilane and 1.0 in case of silylene, silylsilylene, and disilene.
By sensitivity analysis, large sensitivities for both the rate coefficient k,3, corresponding to the excitation of a hydrogen adatom, and the equilibrium coefficient K0, reflecting molecular hydrogen adsorption, were detected. Therefore, expressing both coefficients in Arrhenius form, the pre-exponential factors A,3 and AH with the corresponding Bai3 and A,H were adjusted during the regression of the kinetic experiments. The number of kinetic and thermodynamic parameters to be estimated could thus be reduced to five, i.e., A,, A,3, A0, Baig, and
The final kinetic and thermodynamic parameter estimates with their corresponding 95% confidence intervals are shown in Table V The F value of the regression amounted to 59,000. The largest value for the binary correlation coefficient between two parameter estimates occurred for the reparameterized pre-exponential factors corresponding to hydrogen adsorption and to the excitation of a hydrogen adatom into a delocalized state and amounted to 0.83. Parity diagrams of the calculated vs. the observed silicon growth rates and S2HX outlet molar flow rates can be found in Weerts et al. 6 The absence of systematic deviations reflects the adequacy of the model. This is also illustrated in Fig. 1, 3, 4 , and 5.
Simulation Results
The silane conversion, the Si3H,, selectivity, and the silicon growth rate calculated using the complete kinetic network shown in Tables II and III and the reactor model accounting for the irreducible mass-transport limitations are drawn as full lines in Fig. 1, 3, 4 , and 5. Figure 5 demonstrates that the kinetic model adequately describes the dependence of silane conversion on silane space time over a broad range of temperatures at 50 Pa, even at silane conversions as high as 64%. The simulations confirm the existence of a differential operating regime with respect to silane conversion at the lower temperatures considered. Figure 1 shows the silicon growth rate as a function of silane conversion at 50 Pa. Obviously, at each of the considered temperatures the agreement between experimental and calculated growth rate is good. This implicitly means that the dependence between silicon growth rate and silane space time is simulated correctly as well over this range of temperatures. Figure 4 shows the effect of inlet hydrogen-to-silane ratio on the silicon growth rate at 912 K and total pressures of 25 and 50 Pa. In this regime gas-phase reactions are not important and silicon deposition is predominantly determined by the heterogeneous decomposition of silane. Hence, the rate of silicon deposition equals the rate of silane adsorption [see reaction (r5) in Table III] , and depends on the concentration of vacant surface sites squared. Due to the enhanced adsorption of molecular hydrogen with increasing inlet hydrogen-to-silane ratio, the fraction of vacant surface sites decreases, thereby slowing down the adsorption of silane and, hence, the deposition of silicon. The adequate simulation of the observed hydrogen inhibiting effect on the sili- [12] Gas-phase and surface reaction networks shown in Tables II  and III. The noo-reparameterized pre-expooential factors can be deduced from the reparameterized ones according to A,3 = A,,! con growth rate shows that reaction (r5) and the reverse of reaction (r14) inTable III provide a good way to account for the competitive adsorption of silane and hydrogen.
Also, the effect of total pressure is adequately described. Even at pressures as high as 100 Pa the kinetic model provides a good description of the experimental data as shown in Fig. 3 , where the silicon growth rate, the silane conversion, and the Si2HX selectivity are plotted vs. the silane space time at 963 K. Clearly, silicon growth rates as high as 1.5 >< io m s' are simulated correctly by the model.
Assessment of Parameter Estimates
Examination of the individual kinetic and thermodynamic parameter estimates can further validate the reaction model shown in Tables II and III. The estimated value of the pre-exponential factor of the initial reaction in silane pyrolysis, A, in Table V , deviates by almost a factor of forty from the value obtained from the RRKM analysis, giving rise to a similar discrepancy in the corresponding unimolecular rate coefficient, k1. Applying Eq. 12 with the pressure correction constants and the RRKM-based Arrhenius parameters results in a k, value of 1.0 x 10-2 s' at an effective total pressure of 100 Pa and 900 K. In contrast, the estimated pre-exponential factor given in Table V gives rise to a /c1 value of 3.8 X 10' s'. An explanation for this discrepancy is that the former value is derived by means of RRKM analysis of experiments at much higher pressure and/or lower temperature than generally applied in LPCVD of polycrystalline silicon. The estimated value is in good agreement, however, with the value of 3.5 >( 10-2 51 obtained by Holleman and Verweij5 through fitting of the growth rate data in a conventional LPCVD reactor at 100 Pa total pressure and 898 K. Moreover, the same authors calculated values of 5.2 and 2.9 X 101 s' using Jasinski and Chu'&'7 and Inoue and Suzuki's42 values for the rate coefficient of the reverse step, k,, combined with the thermodynamic data of Kleijn.2' Yeckel et al.78 fitted the rate coefficient for silane decomposition to growth rate data obtained by Meyerson and Olbricht33 for in situ doped polycrystalline silicon in an LPCVD reactor at 896 K, 13.3 Pa, and 100% silane. In case disilane was considered to contribute to the silicon deposition rate as well, a value of 3.9 3< 101 m3 moL' s-was obtained, which can be transformed into a value of 5.2 x 10' s' for 100 Pa total pressure and 100% silane at the same temperature.
The small 95% confidence interval of the estimated standard activation entropy of silane adsorption, zVS°, in the second column of Table IV, arises from keeping the value of the standard activation enthalpy of silane adsorption fixed during the regression. An upper limit for the standard activation entropy loss can be calculated by assuming that the transition state possesses neither translational nor external rotational degrees of freedom. On the basis of statistical thermodynamics, a value of 239 J moL' K' can be calculated for the summed contributions of translational and external rotational entropy of silane in the gas phase at 1 atm and 900 K. Transformation of the estimated value of Table IV from standard states of 1 mol m3 to standard states of 1 atm, yields a value of -150 J mol' K'. The entropy loss indeed is smaller than 239 J mol' K1.
Another way to assess the physical meaning of the estimated standard activation entropy involves calculation of the initial sticking probability, s. The sticking probability at a given value of surface coverage, s, is defined as the net rate of adsorption divided by the rate of collision with the surface.69 Using the relation between the initial sticking probability and the sticking probability at a given surface coverage for dissociative adsorption involving pairs of adjacent vacant surface sites8° finally leads to the following expression for the initial sticking probability -k3L, Substituting the appropriate equation for /<3 together with the estimates of Table IV into Eq. 13 yields an initial sticking probability equal to 2.3 X 1O at 900 K. It is important to realize that the same value applies to the reaction probability at zero coverage, y°. The reaction probability at a given value of surface coverage is defined as the ratio of the net rate of silicon growth divided by the rate of collision with the surface.3273 Because desorption of surface dihydride and monohydride species does not occur, the net rate of silicon growth is equal to the net rate of adsorption, see Eq. 11, and the values of reaction and sticking probability consequently coincide. Literature values for initial sticking and reaction probabilities range between 1 >< 10' and 1 x 10 5.13,13.32:81 The calculated value of 2.3 X lO' is in good agreement with the values found by Buss et al.,32 1 X 1O, and Holleman and Verweij,' 8 X 10 .
The estimates of the Arrhenius parameters associated with the excitation of a hydrogen adatom into a delocalized state, A1., and E813 in Table V , are in good agreement with the results of Sinniah et al. ' who experimentally obtained a pre-exponential factor equal to 2.2 x 10" s and an apparent activation energy of 188 kJ moL' for hydrogen desorption from Si(100). Table IV lists the estimates obtained for k,, and K after regression of the data in the complete region, i.e., the region including gas-phase reactions and obtained from the estimates reported in Table V , as well as those estimated in the region where gas-phase reactions can be neglected.
Clearly, the deviations between both sets of parameter estimates is very small. Within their 95% confidence intervals the parameter estimates of the two regions coincide.
The estimated standard reaction enthalpy of dissociative hydrogen adsorption, shown in the third column of Table IV , is in good agreement with the standard enthalpy change estimated according to D°(H-H)-2D°(Si-H), i.e., -314 kJ moU'. Keep in mind that the latter value represents an upper limit as it is based on an upper limit for the [15] where S is the entropy in the gas phase taken at 1 atm.
The lower limit of Eq. 14 follows directly from the necessary loss of entropy when a molecule is transferred without dissociation from a three-dimensional to a two-dimensional phase. The upper limit expresses the fact that a molecule cannot lose more entropy than it possesses. The lower limit of Eq. 15 follows by calculating the entropy change which occurs when a gas condenses to a liquid at the critical state. The equality sign in this equation corresponds to physical adsorption of a wide variety of componnds on charcoal in less than a monolayer at 298 K. 83 Transformation of the estimated standard reaction entropy of dissociative hydrogen adsorption, AaS in the third column of Table IV , from standard states of 1 mol m 2 to standard states of 1 atm, yields a value of -305 J mol' K-'. This value fulfills the strict rule reflected by the lower limit of Eq. 14 as well as the less stringent guidelines represented by Eq. 15. However, the strict rule reflected by the upper limit of Eq. 14 is not satisfied. Using statistical thermodynamics, a value of 163 J moC' K-' is calculated for the entropy of molecular hydrogen in the gas phase at 1 atm and 900 K, which is significantly below 305 J mol' K'.
Deposition Path Analysis and Relative Importance of
Gas-Phase Reactions
113]
Effect of space time- Figure 3 shows the silicon growth rate, the silane conversion, and the Si,H selectivity vs. the silane space time at 100 Pa and 963 K. The Si3H1 selectiv-ity here is defined as the ratio of net nomher of moles of silicon atoms in Si2HT (= Si2H5 + H3S1SiH + H2SiSiH2) formed to the total number of moles of silicon atoms in SiH4 converted. Under the conditions discussed in this paper it is a measure of the relative importance of gasphase formation of Si2HX vs. disappearance via heterogeneous reactions of the silicon-containing species. As such it gives an indication of the contribution of SJI2HX species to the overall deposition rate. The simulations have been extrapolated to zero space time. The silicon growth rate first increases from 12.7 X 10ib m at zero space time to 17.1 X 10'° m s at 2.3 m3 s molH and then gradually decreases with increasing space time. The Si2H1 selectivity starts at zero because SiH2 needs to be formed first, almost instantaneously reaches a maximum value of 36%, and then strongly decreases with increasing space time.
At space times close to zero the silicon growth rate is determined by heterogeneous decomposition of silane and silylene onlLy. The contribution from silylene to the silicon growth rat.e amounts to roughly 16%. With increasing space time the growth rate due to the gas-phase intermediates starts to increase as a result of the formation of disilane and disilene. The fraction of vacant surface sites is determined, by the balance between consumption through adsorption of the various silicon-containing gas-phase species, reactions (r5-'rO), and production through desorption of molecular hydrogen or more specifically through excitation of hydrogen adatoms, reaction (r13). With increasing space time the concentrations and, hence, the adsorption rates of disilane and disilene increase. The rate of hydrogen adatom excitation, however, is not directly effected by a change in space time, and the fraction of vacant surface sites consequently decreases, from 0.207 to 0.186. This decrease effects the growth rate contribution from silane, which decreases by approximately 24% in this stage of the deposition process. At the space time where the total growth rate due to the gas-phase intermediates has reached its maximum value, 2.8 m3 s moY', the contribution from silane to the total growth rate amounts to 55 .8%, the remaining growth being built up of the contributions from silylene, 16.4%, disilane, 22.7%, and disilene, 5.0%. The contribution from silylsilylene is negligible. The growth rate contribution from the gas-phase intermediates thus is almost completely determined by the contributions from silylene and disilane. Upon further increasing the space time, the growth rate due to the gas-phase intermediates starts to decrease as a result of a decrease in the concentration of disilane in particular. The main cause for the decrease in the concentration of this species is twofold. The most obvious reason is the decreasing silane concentration with increasing space time. A second, less obvious reason is the increasing hydrogen concentration with increasing silane conversion. This reduces the overall collision efficiency of the reaction mixture and hence the unimolecular reaction rate coefficients, thereby slowing the gas-phase reactions. Concurrently with the decrease in the concentrations of silane, disilane, and also disilene, an increase in the fraction of vacant surface sites takes place as a result of a decrease in the adsorption rates of these species without a direct change in the rate of hydrogen adatom excitation.
A contribution analysis performed at the space time where the growth rate due to the gas-phase intermediates is maximal revealed that silane consumption occurs for 31% through homogeneous dissociation, see reaction (ri), for 28% through insertion of silylene, see reaction (r2), and for 41% via heterogeneous decomposition according to global reaction (cm). Table VI summarizes the results of the contribution analysis. Instead of contribution percentages of the individual reaction steps, the contribution percentages obtained after summation over all gas-phase steps and over all surface steps are given in the table. Production contribution percentages for the gas-phase intermediates are omitted, because formation of these species is a matter of gas-phase kinetics only. Production of silane occurs for 34% via homogeneous decomposition of disilane, see reaction (r-2), and for 66% by homogeneous decomposition of disilane according to reaction (r-2). Silylene consumption takes place for 73% via insertion into silane, reaction (r2), and for 27% via heterogeneous decomposition according to global reaction (f3).
Insertion of silylene into molecular hydrogen, reaction (r-1), has no important contribution to the total disappearance of silylene at the conditions considered. This is consistent with the rather high value of 6.37 obtained for the dimensionless affinity of reaction (rl), indicating that the reverse step is not important. Dilution with large amounts of hydrogen obviously does not force the equilibrium of the initial silane pyrolysis reaction to the left. Except through reduction of the unimolecular gas-phase rate coefficients as a consequence of a lower collision efficiency, hydrogen has no further quenching effect on the gas-phase chemistry. Disilane consumption is for 31% accounted for by homogeneous decomposition into silane and silylene, for 8% by homogeneous decomposition into silylsilylene and hydrogen, and for 61% by heterogeneous decomposition. Insertion of silylene into silane accounts for 100% to the disilane production. Disilane formation via insertion of silylsilylene into hydrogen has no significant contribution, which also follows from the rather high value of 4.55 obtained for the dimensionless affinity of reaction (r3). The paths to and from H3SiSiH are not discussed, because its contribution to the silicon growth rate is too low. Disilene disappearance occurs for 96% through isomerization toward silylsilylene, see reaction (r-4), and for 4% through heterogeneous decomposition. Production of disilene is fully accounted for by isomerization of silylsilylene. The dimensionless affinity of this isomerization reaction, reaction (r4), amounts to 0.04, indicating that its forward and backward steps proceed at the same rate and hence are equilibrated.
Table VI also shows the results of a contribution analysis with respect to the consumption of the most important gasphase species at a much higher space time. Comparison shows that the relative importance of the gas-phase reactions reduces with increasing silane conversion. Hence, an unambiguous determination of the effects of either pressure or temperature on the relative importance of gas-phase reactions needs to be performed at a similar silane conversion.
Effect of temperature.-The total contribution to the growth rate from gas-phase intermediates is independent of temperature. It can be shown that this independency of temperature can be attributed in first approximation to the roughly equal activation energies of the gas-phase decomposition of silane and the first-order desorption of hydrogen, viz. to the growth rate due to gas-phase intermediates, whereas at 963 K these percentages amount to 42 and 51%, respectively. Since the adsorption reactions of silylene and disilane are kinetically equivalent in the sense that both are nonactivated and require the same number of vacant surface sites, this effect of temperature has to be explained by the ratio between the gas-phase concentrations of silylene and disilane. An expression for this ratio can be derived from a pseudo-steady-state mass balance for disilane + k.3C11S,SIHCH, -k_2Cs12H, --k7C11.I* -= 0 [16] in which the last term on the left side denotes the molar flow rate of disilane at the reactor outlet in units mol m3
and Ad/Vg represents the surface-to-volume ratio of the laboratory reactor. The contribution analysis discussed in the previous section showed that production of disilane is completely accounted for by silylene insertion into silane, reaction (r2). Disilane disappearance, on the other hand, takes place through homogeneous decomposition into silane and silylene, reaction (r-2), through heterogeneous decomposition according to global reaction (-y), and to a lesser extent via homogeneous decomposition into silylsilylene and hydrogen, see reaction (r3). The contribution of the outlet molar flow rate to the total disappearance of disilane is typically less than 2% and is therefore omitted in the mass balance given by Eq. 16. Rearrangement of the terms left at the left side results in the following expression for the ratio between the silylene and disilane concentration k, + k. +
Vg
The denominator is almost independent of temperature, since both the second-order rate coefficient /c, and the silane concentration CsH4 hardly change with temperature.
On the other hand, all individual terms of the numerator increase with increasing temperature. The first-order rate coefficients and Ic3 have activation energies of at least 163.3 and 180.6 kJ moY' (see Table V ). The actual activation energies are even higher due to their dependence on effective pressure. The third term in the numerator increases due to the increase in the fraction of vacant surface sites with temperature. As mentioned earlier, the fraction of vacant surface sites is determined by the balance between consumption through adsorption of the various silicon-containing gas-phase species, reactions (rS-r9), and production through desorption of molecular hydrogen or more specifically through excitation of hydrogen adatoms, reaction (r13). As hydrogen adatom excitation is activated, Ea13 = 188 kJ moU1, and adsorption of the silicon hydride species is nonactivated, higher temperatures lead to higher fractions of vacant surface sites. In this way it can be understood that with rising temperature the ratio of silylene concentration to disilane concentration increases and hence the relative contribution of silylene to the silicon growth rate.
Since SiH4, H3SiSiH, and H2SiSiH, adsorb via dual-site adsorption mechanisms, the effect of increasing 0 is more pronounced for these species than for 5tH2 and Si,H3, occupying only one vacant site upon adsorption. The effects associated with the higher concentrations of the gas-phase intermediates at the higher temperatures are not considered in the previous discussion. Naturally, these effects positively influence the adsorption rates and hence the growth rates from the intermediates, thereby slightly decreasing the fraction of vacant surface sites.
Effect of pressure.-The total contribution to the growth rate from gas-phase intermediates rises with total pressure. As for the situation of varying temperature, a change in the most contributing gas-phase intermediate occurs with varying total pressure. At 50 Pa silylene contributes 83% and disilane 16% to the growth rate due to gas-phase intermediates, whereas at 100 Pa these percentages amount to 51 and 42%, respectively. This effect can again be explained by the ratio between the gas-phase concentrations of silylene and disilane. This can be verified with the help of Eq. 17. Cs,H, increases with increasing pressure. Also, the rate coefficients k3, Ic,, and k3 increase with increasing pressure because of their falloff behavior. However, higher pressures lead to a decrease in the fraction of vacant surface sites, since the gas-phase concentrations and hence the adsorption rates of all silicon hydride species increase with increasing pressure, whereas the rate of hydrogen adatom excitation is not directly effected. Therefore, the heterogeneous term k7L*A,1/V decreases with increasing pressure. Because the heterogeneous term is significantly larger than the sum of the homogeneous terms in the numerator, the decrease in the former exceeds the increase in the latter, thereby effectively lowering the numerator with pressure. Thus, with rising pressure the ratio of silylene concentration to disilane concentration decreases and hence the relative contribution of silylene to the silicon growth rate.
Conclusions
The intrinsic kinetics of the deposition of polycrystalline silicon can conveniently be studied in a continuous flow perfectly mixed reactor. In contrast to the conventional hotwall multiwafer LPCVD reactor generally used for kinetic investigations of this reaction, such a reactor provides local deposition rates combined with corresponding gas-phase compositions. The obtained data can readily be analyzed with a reactor model in which only binary diffusion coefficients figure as transport parameters. The latter can be calculated independently. [17' An adequate description of the polycrystalline silicon deposition process from silane over a broad range of conditions is possible with a minimum set of kinetically significant reactions in the gas-phase as well as at the surface. A four-step elementary gas-phase reaction network coupled to a ten-step elementary surface-reaction network provides such a description. The gas-phase reaction network considers dissociation of silane into silylene and hydrogen, formation of disilane from silane and silylene, subsequent decomposition of disilane into silylsilylene and hydrogen, and isomerization of silylsilylene into disilene. Pressure falloff effects on these reactions are accounted for using RRKM theory. The surface reaction network considers dual-site adsorption of silane, silylsilylene, and disilene, single-site adsorption of silylene and disilane, subsequent decomposition of the surface hydride species, and adsorption/desorption of molecular hydrogen. The latter is assumed to take place in two steps according to the band model of Sinniah et al.14hi As all decomposition reactions of surface hydnde species are considered to be potentially much faster than the hydrogen desorption step, hydrogen adatoms are the only kinetically significant adsorbed species on the silicon surface. The involved kinetic and thermodynamic parameter estimates exhibit good statistical significance and are physically reasonable, except for the change in standard entropy for hydrogen adsorption.
In the range of silane conversions applied, the relative importance of gas-phase intermediates for silicon deposition decreases with increasing conversion and decreasing total pressure and is independent of temperature. Silylene and disilane are by far the most contributing gas-phase intermediates. The total contribution of these species to the silicon growth rate amounts to between 1 and 44%, depending on the operating conditions. Moreover, the ratio between the growth rates from silylene and disilane is affected by a change in either of the process variables considered, i.e., space time, total pressure, and temperature. It increases with increasing temperature and space time, or conversion, and with decreasing total pressure.
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Greek
LIST OF SYMBOLS pre-exponential factor, reaction dependent total deposition surface area, m2 geometric surface area of substrate, m2 pressure correction constant for falloff pressure correction constant for falloff, J mo11 pressure correction constant for falloff, J mol gas-phase concentration of component i, mol m3 inlet gas-phase concentration of component i, mol m3 Arrhenius activation energy, J molratio of the mean regression sum of squares to the mean residual sum of squares inlet molar flow rate of component i, mol s volumetric flow rate, m3 s silicon growth rate, kg s' reaction rate coefficient, reaction dependent equilibrium coefficient for molecular hydrogen adsorption, m mo11 surface concentration of component i, mol m2 total surface concentration of active sites available for adsorption or reaction, mol m2 molar mass of component i, kg mol1 number of gas-phase components partial pressure of component i, Pa total pressure, Pa gas constant, J mo11 K1 silicon growth rate, m s sticking probability initial sticking probability standard entropy in the gas-phase, J mol1 K1 selectivity toward Si2H temperature, K average temperature of experiments, K geometric reactor volume, m3 gas-phase reaction volume, m3 conversion of silane initial reaction probability standard adsorption enthalpy, J mol standard activation enthalpy, J mol' standard adsorption entropy, J mol K' whereas strontium-bismuth-tantalate (SrBi2Ta,04) thin films have promising characteristics as a fatigue-free characteristic material for use in nonvolatile memory devices. The capacitors formed by bilayered SrBi2Ta2O9 show no significant fatigue after 1012 switching cycles.11'2 Ferroelectric capacitors need to meet many electrical requirements, including virtually unlimited endurance (more than 1012 read/write cycles) and good data retention (greater desirable to explore other techniques such as radio frequency (rf) magnetron sputtering.
In this work, the dependence of temperature on the electrical properties of sputtered SBT films was studied.
Experimental
Bilayered SrBi2Ta,09 (SBT) thin films were deposited on Pt(150 nm)/Ti(100 nm)/SiO2(1 000 nm)/Si(100) substrates using a conventional rf magnetron sputtering technique. The targets were processed by mixing SrCO.,, Bi203, and Ta20, powders by bailmilling, calcinating the mixed powders at 1000°C, and then pressing the calcined powders into a 2 in. diam circular die. The composition of the targets was a Sr1 2Bi22Ta20O9 (SBT) ceramic with 20 and 20 mol % excess, SrCO2 and Bi20, to compensate for the loss of Sr and Bi, respectively, in SBT films. The deposition of SBT films by rf magnetron sputtering was performed under a total pressure of 10 mTorr at 500°C. After pumping down the sputtering chamber to a base pressure of 5 X 106 Torn, argon and oxygen of 10 and 10 cm min1, respectively, were introduced into the chamber using a mass flow controller. Oxygen was used to maintain the oxygen stoichiometry of the SBT films. The typical deposition conditions of SBT thin films are summarized in Table I. 
